Myoblast fusion is an intricate process that is initiated by cell recognition and adhesion, and culminates in cell membrane breakdown and formation of multinucleate syncytia. In the Drosophila embryo, this process occurs asymmetrically between founder cells that pattern the musculature and fusion-competent myoblasts (FCMs) that account for the bulk of the myoblasts. The present studies clarify and amplify current models of myoblast fusion in several important ways. We demonstrate that the non-conventional guanine nucleotide exchange factor (GEF) Mbc plays a fundamental role in the FCMs, where it functions to activate Rac1, but is not required in the founder cells for fusion. Mbc, active Rac1 and F-actin foci are highly enriched in the FCMs, where they localize to the Sns:Kirre junction. Furthermore, Mbc is crucial for the integrity of the F-actin foci and the FCM cytoskeleton, presumably via its activation of Rac1 in these cells. Finally, the local asymmetric distribution of these proteins at adhesion sites is reminiscent of invasive podosomes and, consistent with this model, they are enriched at sites of membrane deformation, where the FCM protrudes into the founder cell/myotube. These data are consistent with models promoting actin polymerization as the driving force for myoblast fusion.
INTRODUCTION
Myoblast fusion in the Drosophila embryo requires founder cells and fusion competent myoblasts (FCMs). Founder cells dictate the size, shape, location and pattern of innervation of each muscle fiber through expression of one or more muscle identity genes. The founder cell also seeds the fusion process through interaction with FCMs. The FCMs, by contrast, take on the identity of the founder cell with which they fuse and express the appropriate muscle identity genes (Abmayr et al., 2003; Abmayr et al., 2005; Baylies et al., 1998) . The initial fusion event is an asymmetric process between the founder cell and a single FCM. Recognition between these cell types is controlled by members of the immunoglobulin superfamily (IgSF), including Kin-of-IrreC (Kirre; Dumbfounded), Roughest (Rst; IrreC), Sticks-and-stones (Sns) and Hibris (Hbs) (Artero et al., 2001; Bour et al., 2000; Dworak et al., 2001; RuizGomez et al., 2000; Strunkelnberg et al., 2001) . Kirre or Roughest must be present on the surface of the founder cell, while the FCM must express Sns or Hbs (Bour et al., 2000; Shelton et al., 2009 ). Subsequent rounds of fusion then occur between a syncytial Kirreor Rst-expressing muscle precursor and additional Sns-expressing FCMs until the proper muscle size is achieved. These later fusion events are also asymmetric, with neither the developing syncitia nor the mononucleate FCMs fusing symmetrically with like cell subtypes. The interactions and relative affinities between these transmembrane proteins at the cell surface help to ensure that fusion remains asymmetric (Galletta et al., 2004) . However, the cytoplasmic components of the fusion machinery downstream of these cell surface receptors include proteins that are exclusive to each cell type, as well as proteins that are present in both cell types (Haralalka and Abmayr, 2010; Onel and Renkawitz-Pohl, 2009; Rochlin et al., 2010; Zhang and Chen, 2008) .
Recent studies have reported the presence of F-actin foci at points of cell contact (Gildor et al., 2009; Kim et al., 2007; Richardson et al., 2007) that disappear just prior to fusion (Richardson et al., 2007) . These dynamic foci are dependent on genes associated with actin polymerization, including the HEM/SCAR, Vrp/WASp and the Arp2/3 complex (Berger et al., 2008; Gildor et al., 2009; Richardson et al., 2007) . In addition, Sns and Kirre become organized into a ring-like structure at the sites of FCM-founder cell/syncitia contact that surround an F-actin core, termed the FuRMAS (fusion-restricted myogenic-adhesive structure) (Kesper et al., 2007) .
Among those proteins commonly thought to function in both cell types in Drosophila myoblast fusion are the Rho-family monomeric GTPase Rac1 and Myoblast City (Mbc) (HakedaSuzuki et al., 2002; Luo et al., 1994; Rushton et al., 1995) . Mbc comprises one subunit of a highly conserved bipartite guanine nucleotide exchange factor (GEF), and is the Drosophila ortholog of mammalian Dock180 and C. elegans CED-5 (Cote and Vuori, 2007; Meller et al., 2005; Rushton et al., 1995) . The other component of this complex is Elmo in vertebrates and Drosophila, and CED-12 in C. elegans (Cote and Vuori, 2007; Geisbrecht et al., 2008) . The Dock180/Elmo complex facilitates exchange of GDP for GTP on Rac1 (Lu and Ravichandran, 2006) , and both the Elmo and the putative Rac1-binding domains of Mbc are essential (Balagopalan et al., 2006) . The mammalian complex is recruited to receptors at the membrane through interaction with small SH2-SH3 adaptor proteins such as Crk (Albert et al., 2000) , where it activates Rac1. Rac1 regulates cell polarity, phagocytosis, migration, vesicle trafficking and axon guidance via regulation of actin dynamics (Bosco et al., 2009; Heasman and Ridley, 2008) . Although Drosophila Crk is essential for the action of Mbc/Elmo in the adult thorax (Ishimaru et al., 2004) , Mbc in the musculature acts independently of Crk binding (Balagopalan et al., 2006) . It remains to be shown whether localization of Mbc can, like mammalian Dock180, also occur through mechanisms that include phosphatidylinositol (3,5)P 2 (PIP2) and phosphatidylinositol (3,4,5)P 3 (PIP3) binding sites (Cote et al., 2005) . Together, these data support a pathway in which the bipartite GEF complex is targeted to sites at the membrane where it activates Rac1. Rac1, in turn, stimulates downstream targets that include actin nucleation promoting factors (NPFs) (Derivery and Gautreau, 2010; Heasman and Ridley, 2008; Lebensohn and Kirschner, 2009 ).
The present studies clarify and amplify current models for myoblast fusion in several important ways. First, Mbc is explicitly required in the FCMs and is not needed in the founder cells. Thus, the essential function of Rols/Ants cannot be to direct recruitment of Mbc to Kirre in the founder cells (Chen and Olson, 2001) . Second, the primary role of Mbc in the musculature is to activate the small GTPase Rac1 and, more importantly, both Mbc and active Rac1 are concentrated in FCMs at their site of contact with founder cells. Consistent with the localization of Rac1, F-actin is highly enriched, if not exclusive to, the FCMs, and FCMassociated structures project into the founder cell and myotube prior to fusion. Last, Mbc plays a crucial role in the formation and organization of F-actin foci and in cytoskeletal structure in the FCMs, presumably via its activation of Rac1 in these cells.
MATERIALS AND METHODS

Fly stocks and genetics
Fly stocks included UAS-lacZ, UAS-Rac
WT and UAS-Rac V12 (Bloomington Stock Center); rP298-lacZ (Nose et al., 1998) ; UAS-Mbc [HA] and UASMbc NPxxP, 1807 (Balagopalan et al., 2006) ; UAS-Kirre (Ruiz-Gomez et al., 2000) ; UAS-Rols (Menon and Chia, 2001) ; UAS-Actin-mCherry (Fricke et al., 2009 ); sxl-GFP, sns-Gal4 (Kocherlakota et al., 2008) ; rP298-Gal4 (Menon and Chia, 2001) ; mbc D11.2 (Erickson et al., 1997) ; the kirre, rst deficiency Df(1)w67k30 (Ruiz-Gomez et al., 2000) ; rols 1728-20L (Menon and Chia, 2001) ; spg 242 (Postner et al., 1992) ; and rac1 J11 , rac2  (Hakeda- Suzuki et al., 2002) . The sns-mCherryNLS reporter was generated by replacing the lacZ region of the sns-lacZ construct (Kocherlakota et al., 2008) with the RFP variant, mCherry (Clontech, Mountain View, CA), and addition of the NLS sequence from the Drosophila transformer gene (Barolo et al., 2000) . For live imaging, we derived new transgene insertions by mobilizing UAS-Gap-GFP and twi-Gal4 (Bloomington Stock Center) and selecting reinsertion lines on the basis of increased fluorescent signal. Germ line clone analysis was carried out as described previously (Balagopalan et al., 2006) .
Preparation of primary cells
Drosophila primary myoblast cultures were prepared as described previously (Bai et al., 2009; Bernstein et al., 1978) with the following modifications. Embryos were sterilized for 10 minutes at 25°C in 50% bleach, washed and disrupted at 0.01-0.02 g embryos/ml. After washing, the cells were cultured without a pre-plating step in complete Shields and Sang M3 media (10% FBS, 1% pen strep, 10 mU/ml bovine insulin) on acid-washed coverslips (1 M HCl, 30 minutes, room temperature) at a density of 2.5ϫ10 5 cells/cm 2 . Cells were incubated at 25°C for the indicated period of time, fixed in 3.7% formaldehyde for 20 minutes and immunostained as indicated. For mbc mutant myoblasts, embryos at 6-9 hours AEL of the genotype mbc D11.2 /TM3, twi-Gal4, UAS-GFP were collected using a CoPas Plus embryo sorter (UnionBiometrica, Holliston, MA). Sorted mbc D11.2 mutant embryos were hand checked for GFP-positive embryos and primary myoblasts prepared as above. Where indicated below, they were co-cultured for 24 hours. FCMs were identified by the presence of mCherry from the sns-mCherryNLS reporter and by their rounded morphology. Founder cells/myotubes were identified by expression of rP298-lacZ and/or by their characteristic elongated morphology by differential interference contrast (DIC) and/or by the number of nuclei, revealed by DAPI, as indicated.
Immunohistochemistry and immunofluorescence
Embryos were collected and processed as described (Erickson et al., 1997) . Fixed primary myoblast cultures were permeabilized in PBS, 0.1% Triton X-100 for 5 minutes at 25°C, and blocked in PBS containing 0.05% Tween-20, 5% BSA for 1 hour at 25°C. Primary antibodies, affinity purified where noted (AP), included anti-Sns (AP, 1:1000) (Bour et al., 2000) , anti-Kirre (AP, 1:1000) (Galletta et al., 2004) , anti-Mbc (AP, 1:1000; embryos, 1:200) (Erickson et al., 1997) , anti-Alk (Stute et al., 2004) (Frasch et al., 1987) , anti-Discs Large (Dlg, 1:10, Developmental Studies Hybridoma Bank, clone 4F3), anti-Slouch and anti-Kruppel (Kr, 1:300) (Kosman et al., 1998) . Colorimetric detection used biotinylated anti-rat or anti-rabbit secondary antibodies (1:200, Vector Laboratories) and the Vectastain ABC elite kit (Vector Laboratories). Fluorescence detection used Alexa fluor-conjugated secondary antibodies (1:200, Invitrogen). F-actin was visualized in hand-devitellinized embryos incubated with Alexa fluor-conjugated phalloidin (embryos, 1:20, primary myoblasts, 1:50; Invitrogen).
Quantitation of fusion
Nuclei of late stage 15 embryos were visualized using anti-Eve, anti-Slouch or anti-Kr antisera. Eve/Kr-positive (DA1), Kr-positive (DO1, LT2 and LT4), Slouch-positive (VT1 and LO1) and Slouch/Kr-positive (VA2) nuclei from abdominal hemisegments 2-7 were counted manually from z-series images.
Confocal microscopy
A Zeiss LSM-510 Meta microscope was used for collection of confocal zseries images of embryos and primary myoblasts with a Plan-Apochromat 63ϫ/1.40 Oil DIC objective at 2ϫ (Fig. 5A ,B) or 5ϫ zoom ( Fig. 5C-E) , with 0.3 mm steps for actin foci in embryos, a Plan-Apochromat 40ϫ/1.3 Oil DIC with 0.5-0.8 mm steps for other data in embryos, and a PlanApochromat 100ϫ/1.46 Oil DIC M27 objective at 3ϫ zoom with 0.2 mm steps for primary myoblasts. Image field resolution was 512ϫ512 pixels and pinhole aperture was 1.0 airy units for all images. Images were processed post collection with ImageJ and Imaris (Bitplane).
RESULTS
An asymmetric, cell type-specific requirement for Mbc in fusing myoblasts
To determine the cell-type requirement for Mbc in vivo, we targeted expression of UAS-Mbc to founder cells or FCMs of mbc D11.2 mutant embryos using rP298-Gal4 or sns-Gal4, respectively. Surprisingly, a wild-type pattern of myofibers developed when Mbc was expressed exclusively in the FCMs (Fig.  1A,B) . By contrast, myoblast fusion remained compromised when Mbc was expressed in the founder cells of these mutants (Fig. 1C) . The ability of rP298-Gal4 to direct transgene expression was confirmed by restoration of the wild-type muscle pattern with UASRols in rols/ants mutant embryos (Fig. 1D ). These data are consistent with the proposed requirement for rols/ants in founder cells (Chen and Olson, 2001; Menon and Chia, 2001; Rau et al., 2001) . More importantly, rP298-Gal4-directed expression of Mbc is readily detectable in mbc D11.2 mutants and is actually higher than that of endogenous Mbc in wild-type embryos (see Fig. S1 in the supplementary material). Finally, we confirmed that sns-Gal4 is specific to the FCMs as reported (Kocherlakota et al., 2008) , and is not expressed promiscuously in founder cells, as expression of UAS-Kirre rescued almost no fusion in embryos lacking kirre and rst (Fig. 1E ).
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We next examined whether myotube formation was rescued by FCM-targeted expression of Mbc lacking the ability to bind Crk. As anticipated from our previous analysis (Balagopalan et al., 2006) , a wild-type pattern of muscles was observed (Fig. 1F ), indicating that a Crk/Mbc interaction is not essential in the embryonic musculature. Because limited mbc mRNA is provided maternally (Erickson et al., 1997) , we also confirmed that FCMspecific Mbc rescued muscle formation in embryos lacking mbc both maternally and zygotically (Fig. 1G ). Finally, we examined the ability of activated Rac1 to rescue the mbc mutant phenotype when expressed in FCMs. These studies revealed that constitutively active Rac1 can rescue myogenesis in mbc mutants to a near wildtype pattern (Fig. 1H ). By comparison, activated Rac1 was unable to rescue myoblast fusion in mbc D11.2 embryos when directed to the founder cells (Fig. 1I ). This severe lack of fusion is not a consequence of excess active Rac1, as described previously (Geisbrecht et al., 2008; Luo et al., 1994) , because rP298-Gal4 targeted expression in wild-type embryos causes only very mild defects (data not shown). As expected, its wild-type counterpart fails to rescue fusion as Mbc is not present for its activation (Fig.   1J ). Thus, Mbc plays a fundamental role in the FCMs but is dispensable in the founder cells for efficient fusion. Moreover, its primary role is to direct activation of Rac1 in the FCMs in a manner that does not require Crk binding.
Limited Mbc-independent fusion of founder cells
Previous studies describing the mbc mutant phenotype have concluded that myoblast fusion does not occur in its absence (Erickson et al., 1997; Rushton et al., 1995) . Using the sensitive nuclear reporters rP298-lacZ and sns-mCherryNLS, we find that limited fusion does occur in these mutants, as binucleate muscle precursors that express both reporters are present ( Fig. 2A,B) . To determine whether Mbc function is provided maternally, we examined fusion in germline clone embryos (Fig. 2C) . The overall level of fusion in the complete absence of mbc was roughly comparable with that in zygotic loss-of-function mutants. Additionally, the level of fusion did not decrease upon removal of sponge, a paralog of mbc (Geisbrecht et al., 2008; Postner et al., 1992) (Fig. 2F ; Table 1 ). Quantitation of fusion in specific muscles using the identity markers Kr and Eve revealed that 72-95% of 1553 RESEARCH ARTICLE Asymmetric Mbc/Actin in myoblast fusion these founder cells do not fuse in the absence of mbc, whereas 19-28% of the dorsal Kr-and Eve-expressing founder cells undergo a single fusion event ( Fig. 2D,E ; Table 1 ). Of note, this amount of fusion is slightly higher than that reported elsewhere but, as mbc D11.2 is a protein null allele, we cannot account for the difference.
Despite its inability to rescue significant myoblast fusion, we wished to determine whether rP298-Gal4-directed Mbc rescued precursor formation. Fusion was quantitated in founder cells expressing Kr, Eve and Slouch (Fig. 2D ,G-I,L,M; Table 1 ), revealing an approximately twofold increase in precursor formation. These data, at first glance, seem to suggest that founder cell expression of Mbc directs some precursor formation. Upon closer examination, however, we noted limited co-expression of rP298-Gal4 driven UAS-lacZ and sns-mCherry in FCMs in mbc D11.2 embryos (Fig.  2J,K) . Whereas most rP298-Gal4-driven UAS-lacZ-expressing founder cells adopted a characteristic elongated morphology, the gal/mCherry double-positive mononucleate cells exhibited the rounded morphology of sns-mCherry-expressing FCMs. We therefore suggest that rP298-Gal4 drives expression of Mbc in these FCMs, accounting for their fusion with founder cells. We note that similar results have recently been reported (Sens et al., 2010) . Most founder cells remain mononucleate and do not undergo a single fusion event with an FCM under these conditions. Thus, expression of Mbc in all founder cells as well as a small number of FCMs is still insufficient for over half of the founder cells to undergo any fusion. By contrast, myoblast fusion approximates that in wild-type embryos upon expression of Mbc in FCMs.
FCM-directed Rac1 rescues muscle formation in rac1, rac2 mutant embryos
We next chose to examine whether expression of Rac1 in the FCMs was sufficient to rescue fusion in rac1, rac2 mutant embryos. Note that, in contrast to the extremely limited fusion in embryos lacking mbc, more fusion occurs in rac1, rac2 mutant embryos due to the perdurance of maternally provided gene product (Fig. 3A ) (HakedaSuzuki et al., 2002) . As for mbc mutant embryos, this fusion was quantified in the dorsal and ventrolateral muscles ( Fig. 3D,E  embryos. Clearly, sns-Gal4-directed expression of wild-type Rac1 rescued the myoblast fusion defects of these mutant embryos to a near normal pattern (Fig. 3A,B) . By comparison, rP298-Gal4-specific expression rescued fusion much less efficiently (Fig. 3C) . These results may imply that fusion occurs if Rac1 is present in either fusing partner but occurs more efficiently when present in both, as in cultured mammalian myoblasts (Vasyutina et al., 2009 possibilities as some fusion has occurred in rac1
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 mutants and we are unable to eliminate FCM contributed protein from the resulting myotube. Nevertheless, if Rac1 is essential in the founder cell for its fusion with FCMs, our data establish that it must be activated by a GEF other than Mbc/Elmo.
Asymmetric localization of Mbc, active Rac1 and actin foci in primary FCMs
The data described above suggest an asymmetric requirement for Mbc, and Mbc-activated Rac1, in the fusion of FCMs with founder cells and myotubes. We therefore wished to examine these two cell types for the presence of asymmetrically localized proteins. These studies were carried out in isolated primary myoblasts for clear visualization of cell-cell contacts. Cells were isolated as described previously (Bai et al., 2008; Bai et al., 2009; Bernstein et al., 1978) and behave similarly in our hands (see Fig. S2 in the supplementary material). For example, the mean number of nuclei per myotube was 3.5 and 20% of the myotubes contained five or more nuclei at 12 hours. We also confirmed the asymmetric requirement for Mbc in these cells (see Fig. S2 in the supplementary material). In summary, ~12% of wild-type founder cells fused with wild-type FCMs, and 12% of mbc D11.2 founder cells fused with wild-type FCMs.
These primary myoblasts were then labeled for Sns and Kirre to identify points of cell-cell contact and co-stained for Mbc or Factin to determine their distribution within the cell. The FCM of each cell pair was identified by its rounded morphology visible by DIC optics, and by post-fixation fluorescence of mCherry from sns-mCherryNLS. Founder cells and myotubes were identified by their elongated morphology and the number of nuclei in myotubes.
These analyses revealed strong enrichment of Mbc in the FCM at the Sns:Kirre adhesive junction, but not in the associated founder cell or myotube (Fig. 4A,B ; see Movie 1 in the supplementary material). The multinucleate myotubes do contain anti-Mbc reactive material, but it was not enriched at points of contact with FCMs. We then visualized Sns, Kirre and activated Rac1 in these cells. Activated Rac1 is quite noticeably enriched in the FCMs at contacts with either founder cells (Fig. 4C) or myotubes ( Fig. 4D ; see Movie 2 in the supplementary material). This localization is similar to that of Mbc, consistent with the earlier finding that sns-Gal4 expression of activated Rac1 rescues the mbc D11.2 phenotype. We next examined the distribution of F-actin, as Dock180 and Rac1 have been implicated in actin polymerization (Bosco et al., 2009; Derivery and Gautreau, 2010; Heasman and Ridley, 2008) , and because F-actin foci are associated with myoblast fusion (Gildor et al., 2009; Kim et al., 2007; Richardson et al., 2007) . Cortical F-actin is uniformly distributed along the surface of the myotube and FCMs. More importantly, a large focus of polymerized F-actin is clearly evident and enriched in the rounded FCM at the Sns-Kirre point of adhesion ( Fig. 4E,F ; see Movie 3 in the supplementary material).
Lastly, we examined the distribution of F-actin in myoblasts isolated from mbc D11.2 embryos. Most apparent in the FCMs was the absence of a concentrated F-actin focus. Rather, F-actin is diffuse and foci are fragmented at sites of cell contact ( Fig. 4G ; see Movie 4 in the supplementary material). From these data, we conclude that F-actin, Mbc and activated Rac1 are asymmetrically localized in the FCM at points of Sns:Kirre-mediated contact with founder cells and myotubes, and that Rac1 activation via Mbc plays a crucial role in formation of the F-actin focus.
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Mbc is essential for the integrity of the F-actin foci in FCMs in intact embryos
We next sought to confirm that the FCM-enriched actin foci were present in the intact embryo. Numerous studies have described these foci (Gildor et al., 2009; Kim et al., 2007; Richardson et al., 2007) but are either lacking a membrane marker or obscure cell topology by analyzing confocal projections greater than a cell diameter. Using the membrane marker Dlg and phalloidin staining, F-actin foci were apparent in the FCMs at points of contact with developing myofibers in wild-type embryos (Fig. 5A,C) and visualized in 3D (see Movie 5 in the supplementary material). We then examined the requirement for Mbc in formation of these foci. Early mutant embryos were examined to visualize a single FCM contacting a founder cell before large clusters of unfused cells had formed. Whereas the F-actin foci of wild-type embryos are intense, fairly compact and prominent at cell contacts, the foci of mbc D11.2 FCMs are less dense and somewhat dispersed (Fig. 5B,D ; see Movie 6 in the supplementary material). These data suggest that Mbc and Rac1 play a role in organizing the F-actin foci. As this finding contrasts with published studies reporting abnormally large foci in the absence of mbc (Richardson et al., 2007) , we examined clusters of unfused cells in later stage embryos. We ensured that data was not collected under saturating conditions for F-actin. In combination with the Dlg membrane marker, this analysis revealed that the large actin foci seen in mbc D11.2 embryos represented a convergence of FCMs on one founder cell (Fig. 5E) , with actin foci that were also more dispersed. Thus, as observed in primary myoblasts, Mbc plays a crucial role in organizing the F-actin foci within the FCM.
To address whether the asymmetric distribution of Mbc, active Rac1 and F-actin foci is a transient step in the fusion process, we employed timelapse confocal microscopy to characterize actin dynamics at points of cell contact in live stage 13 embryos. ActinmCherry and Gap-GFP were expressed pan-mesodermally under 1557 RESEARCH ARTICLE Asymmetric Mbc/Actin in myoblast fusion control of a twi-Gal4 driver. As shown in primary myoblasts and fixed embryos, actin accumulates in the FCM at the point of contact with the myotube (Fig. 6A-D ; see Movie 7 in the supplementary material) just prior to membrane breakdown and fusion ( Fig. 6E-G) . Relative pixel intensities were plotted across the actin enrichment, including the region of contact between the FCM and myotube, to define the location of this actin focus more precisely (Fig. 6AЈ-GЈ) . The peak mCherry signal is on the FCM side of the GFP (Fig. 6AЈ-DЈ) , indicating the actin enrichment is primarily, if not entirely, within the FCM. At the time of fusion (Fig. 6EЈ) , the actin enrichment dissipates (Fig. 6FЈ-GЈ) . We then used the same basic approach to examine actin organization in mbc D11.2 embryos. Whereas some accumulation of actin was present at the site of cell-cell contact, this enrichment was lower in intensity and more diffuse than that in wild-type FCMs ( Fig. 6H-N ; see Movie 8 in the supplementary material). This slight enrichment does not increase over time and large actin foci were not observed. These results support the conclusion that F-actin foci are located primarily, if not wholly, within the FCM, and that Mbc is required for their proper assembly.
Mbc is essential for the integrity of the actin cytoskeletal network in FCMs
We returned to primary myoblasts to compare F-actin in wild-type and mbc mutant cells. As described earlier (Fig. 4) , actin foci were visible in wild-type FCMs but not in FCMs lacking Mbc (Fig.  7A,B) . Additionally, actin fibers were visible in both wild-type myotubes and elongated mbc-mutant founder cells. As the cytoskeleton was visible under saturating conditions, we also examined its integrity in wild-type FCMs and mutant FCMs ( Fig.  7 ; see Fig. S3 and Movies 9, 10 in the supplementary material). Of note, the cytoskeleton of FCMs lacking mbc had a distinctly different organization of F-actin from that in wild-type FCMs. In fact, many mutant cells exhibit a complete collapse of the network that was clearly visible in wild-type FCMs. Thus, Mbc is essential for the integrity of F-actin in the FCMs: in foci at points of cell contact and in the overall cytoskeletal network. As an apparent consequence of these perturbations, the defective FCMs are unable to fuse.
Sns, Mbc, active Rac1 and F-actin foci are associated with FCM-driven deformation of the founder cell/myotube membrane prior to fusion
We have demonstrated that Mbc plays a fundamental role in the FCMs in directing their fusion with founder cells, and that Mbc pathway components are distributed asymmetrically at sites in the FCM where it contacts either a founder cell or a myotube. In addition to these features, however, visualization in primary myoblasts revealed distinct cell morphologies prior to fusion (Fig.  8) . Fig. 8A is representative of the smallest contact site, in which Sns is present at the tip of an elongated process from the FCM and colocalizes with Kirre where this process contacts the myoblast with no obvious concentration of F-actin at the contact site. In particular, we also observe a more transient stage in which the Factin focus actually protrudes from the FCM into the myotube and is associated with deformation of the myotube membrane (Fig. 
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Development 138 (8) 8B,C; see Movie 11 in the supplementary material). This FCMbased protrusion is also readily visible in cells labeled for active Rac1 ( Fig. 8D,E ; see Movie 12 in the supplementary material). We conclude from these data that the FCM plays an active, dynamic and apparently dominant role in driving deformation of the membrane myotube as a prelude to myoblast fusion.
DISCUSSION
Recent reviews of myoblast fusion have included a common model in which Mbc and Rac1 function downstream of Kirre in the founder cells to direct actin polymerization (Haralalka and Abmayr, 2010; Onel and Renkawitz-Pohl, 2009; Rochlin et al., 2010) , and is based on studies showing that Mbc interacts with the Kirreassociated Rols/Ants protein (Chen and Olson, 2001 ). However, as founder cell-specific expression of Mbc is inadequate to rescue its loss of function fusion phenotype [ (Balagopalan et al., 2006) and herein], we reasoned that it must be required in the FCMs. Recent reviews have also suggested that F-actin foci are present symmetrically at points of contact between founder cells and FCMs (Haralalka and Abmayr, 2010; Onel and Renkawitz-Pohl, 2009; Rochlin et al., 2010) . This symmetric F-actin-associated adhesive structure has been termed the FuRMAS (fusion-restricted myogenic-adhesive structure), and appears to be a ring of Sns and Kirre surrounding a central core of F-actin (Kesper et al., 2007) . Our results amplify these models in several important areas, as depicted in the model in Fig. 9 . First, our data reveal that Mbc is explicitly required in the FCMs and is not needed in the founder cells for fusion to occur. Thus, the essential function of Rols/Ants in fusion cannot be to direct recruitment of Mbc to Kirre in the founder cells. Second, high-resolution imaging has revealed that Mbc, active Rac1 and F-actin are concentrated in FCMs near Sns at the point of contact with founder cells, and are therefore localized asymmetrically in the fusion partners. Moreover, FCMassociated structures project into the founder cell and myotube at 1559 RESEARCH ARTICLE Asymmetric Mbc/Actin in myoblast fusion the Sns:Kirre adhesion site prior to fusion. Consistent with these observations, other approaches have recently reported the enrichment of actin foci in FCMs and the presence of invadopodia visible in EM that extend from the FCM into the founder cell/myotube (Sens et al., 2010) . Finally, we also find that Mbc is important for the integrity of the F-actin focus and for the overall integrity of the actin cytoskeleton in FCMs.
Mbc is both necessary and sufficient in the FCMs for fusion with founder cells
Although very limited fusion occurs in embryos lacking Mbc, more than 80% of the founder cells do not undergo even a single fusion event. By contrast, FCM-directed expression of Mbc rescues an almost wild-type pattern of muscle fibers. Thus, Mbc expression in the FCMs is both necessary and sufficient for their fusion with founder cells. We also observe robust fusion when activated Rac1 is expressed in the FCMs of mbc D11.2 embryos, indicating that the primary role of Mbc is to activate Rac1. Our data do not support a mechanism in which Rols/Ants functions in the founder cells to recruit Mbc to the cytodomain of Kirre (Chen and Olson, 2001) , a mechanism that is also inconsistent with the ability of Kirre to direct precursor formation in the absence of its cytodomain (Bulchand et al., 2010) . Rather, these data support a mechanism in which Rols/Ants stabilizes Kirre (Menon et al., 2005) , thereby ensuring that Kirre continues to be present on the myotube surface for fusion with FCMs. Unfortunately, it not possible to determine in the embryo whether Mbc or activated Rac1 is sufficient in the FCMs for later Mbc-dependent fusion between syncitia and FCMs, as the contents of the FCMs become incorporated into the syncitia following fusion. In primary cultures, however, wild-type founder cells as well as founder cells and binucleate precursors lacking Mbc all fuse with wild-type FCMs and at similar rates. Thus, the asymmetric distribution of Mbc in the FCMs is also sufficient for later fusion events, at least in cultured myoblasts.
We are unable to address whether Rac1 and Rac2 are specifically required in the FCMs as the founder cells of rac1
J11 , rac2
 embryos are already syncytial owing to the perdurance of maternally provided gene product. Although localization of active Rac1 to points of cell contact in the FCMs may be an indication that, like Mbc, Rac1 is essential only in the FCMs, we note that Rac1 is required in both fusion partners in vertebrates (Vasyutina et al., 2009) . In either case, we can conclude that any requirement for Rac1 in the founder cells must involve a GEF other than Mbc/Elmo.
Mbc dependent F-actin foci are present at sites of FCM-driven deformation of the founder cell/myotube membrane Our data localize Mbc, active Rac1 and F-actin to FCMs at the Sns:Kirre adhesion site with either founder cells or developing myotubes. This asymmetric distribution is independent of whether the FCMs are contacting founder cells or myotubes and, in combination with features of fusion in primary myoblasts, suggests that the first fusion event does not differ from subsequent events with respect to these proteins. These data support a model in which both early and later stages of fusion are highly asymmetric, and that this asymmetry extends beyond recognition and adhesion at the cell surface to cytoplasmic events associated with polymerization of actin. Mbc, which is present but not localized in founder cells/ myotubes, may serve a different purpose in these cells such as activating Rac1-dependent myotube guidance or attachment. In addition, though we have not observed large F-actin foci on the founder cell/myotube side of the adhesion site, we do observe a strong layer of cortical actin along the surface of the founder/ developing myotube, as previously observed by immunoEM (Kim et al., 2007) . The local accumulation of F-actin in FCMs is reminiscent of dynamic actin foci found at sites of fusion and associated with the WAVE/SCAR, Vrp/WASp and the Arp2/3 complex (Gildor et al., 2009; Richardson et al., 2007) . F-actin is also present in the core of the muscle-specific FuRMAS (Kesper et al., 2007) . Interestingly, similarities have been noted between the FuRMAS and the immunological synapse (IS), podosome and invadopodia (Onel and Renkawitz-Pohl, 2009) . Our data provides important new information in support of this analogy, as invasive podosomes, the IS and invadopodia are actually all associated with asymmetic Factin (Caldieri et al., 2009a; Caldieri et al., 2009b; Gawden-Bone et al., 2010; Linder, 2007; Linder and Aepfelbacher, 2003; Vignjevic and Montagnac, 2008; Wernimont et al., 2008) . As noted earlier, strong support for this analogy has recently been demonstrated by the presence of invadopodia-like invasive structures at the level of EM, that extend multiple finger-like projections into the founder cell/myotube (Sens et al., 2010) . Interestingly, the IS, invadopodia and muscle-specific FuRMAS have common F-actin regulators that include WASp, HEM/Kette, SCAR/WAVE and Rho-family GTPases (Caldieri et al., 2009a; Grakoui et al., 1999; Linder and Aepfelbacher, 2003; Sens et al., 2010) . Thus, the FCM appears to provide the primary F-actin associated force for myoblast fusion.
Mbc affects the F-actin foci and cytoskeletal network
Previous studies have reported that F-actin foci in mbc mutants are enlarged and increased in number (Richardson et al., 2007) . However, careful 3D reconstruction of F-actin in embryos and in primary cells suggests that the tight actin foci found in wild-type FCMs are less organized and more dispersed in mbc mutants. Our analysis also revealed that the cytoskeletal network at the periphery of the FCM has collapsed in the absence of mbc. Thus, it appears that Mbc positively regulates organization of the actin cytoskeleton and actin polymerization at the adhesion site.
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Development 138 (8) Although the mechanism(s) by which Mbc-activated Rac1 accomplishes this role have yet to be elucidated, Rac1 is known to interact with components of the WAVE/SCAR pathway in Drosophila and mammalian cells (Derivery and Gautreau, 2010; Schenck et al., 2003) . In mammals, SCAR exists as part of a multiprotein complex composed of HEM/Kette, Abi, Sra1 and HSPC300. These subunits control SCAR stability and localization at the membrane (Derivery and Gautreau, 2010) . Moreover, the pentameric SCAR complex can be activated by GTP-bound Rac (Ismail et al., 2009; Lebensohn and Kirschner, 2009 ) to promote actin polymerization by Arp2/3 (Derivery and Gautreau, 2010) . HEM/Kette and SCAR play crucial roles in Drosophila myoblast fusion (Gildor et al., 2009; Richardson et al., 2007; Schroter et al., 2004) , and Rac1 has been shown to synergize with SCAR in the myoblast/myotube. Moreover, SCAR is absent from sites of fusion in rac1 mutant embryos (Gildor et al., 2009) . Notably, recent studies have shown that SCAR is required in both cell types (Sens et al., 2010) , though it remains to be determined whether it plays similar roles in each. In summary, however, our studies support a mechanism in which Mbc/Elmo mediates the cell-type specific activation of Rac1 and, in turn, activation of WAVE/SCAR to promote an invasive actin-associated structure in the FCMs.
